The soil salinity distribution and solute transport properties of three different soil types were investigated and compared within a project area in northeastern Egypt. For this purpose, dye tracer experiments and salinity sampling were carried out. The resulting salinity maps showed that the soil salinity in the cultivated western site of the project area is 8-10 times higher than that in the cultivated eastern site. However, the cultivated soil displayed significantly lower salinity with higher uniformity as compared to the uncultivated soil. The preferential flow phenomenon was less apparent in the cultivated soil. This is mainly due to tillage which disrupts the structure of the soil so that deep cracks are no longer connected to the soil surface. This reduces the risk for groundwater contamination through preferential flow. The study showed that careful and continuous monitoring of the salinity status is needed now and in the future.
INTRODUCTION
Irrigating with saline water in arid and semi-arid areas can lead to serious problems. Salts can accumulate at the soil surface due to the high evaporation. If a shallow saline groundwater is present, excessive irrigation can lead to an increasing groundwater table and an upward salt flux. Fine textured soils are more prone to salinization compared to coarse textured soils.
The FAO (1986) has indicated that the decline in productivity in Egypt may be attributed to the increase in primary and secondary salinization. Population growth and socio-economic circumstances have forced the country to increase food production and to encourage inhabitants in the densely-populated area along the River Nile to move to less densely populated areas in new reclamation projects, such as the El-Salam Canal project. This project relies on mixing water from the Damietta Branch of the Nile River with water from two major agricultural drainage channels to be used for the irrigation of 250 000 ha on the western side of Suez Canal and North Sinai. To irrigate this 250 000 ha area, a total annual water requirement of 4.45 × 10 9 m 3 of mixed water is required as follows: -2.11 × 10 9 m 3 freshwater from Damietta branch; -0.435 × 10 9 m 3 drainage water from Elserw drainage channel; and -1.905 × 10 9 m 3 drainage water from Bahr Hadous. However, soil close to the Suez Canal often suffers from high levels of salinity, reaching twice the seawater salinity in some areas. This high level of salinity is due partly to the excavation and enlargement of the canal reach resulting in accumulation of salt along the canal. Moreover, the western Suez Canal service area was covered by seawater until 20 years ago. Another major problem is the poor soil permeability of the commonly occurring clayey and loamy soil types throughout the area.
Use of saline water in Egypt was reported by Abou-Zeid (1988) . About 2.3 × 10 9 m 3 of drainage water and wastewater are discharged annually to the Mediterranean Sea via return to the Nile River in Upper Egypt; 12 × 10 9 m 3 are discharged directly into the sea and northern lakes; and 2-3 × 10 9 m 3 are used for irrigating about 405 000 ha. About 75% of the drainage water discharged into the sea has a salinity of less than 4.5 dS/m. The official policy is to use drainage water directly for irrigation if its salinity is less than 1 dS/m, to mix it 1:1 with Nile water (0.25-0.4 dS/m) if the concentration is 1-2.2 dS/m, and 1:2 or 1:3 with Nile water if its concentration is 2.2-4.5 dS/m, and to avoid re-use if the drainage water salinity exceeds 4.5 dS/m.
In the Northern Delta where there are no other alternatives, or in areas of limited quality water supply, farmers are forced to use drainage water of 2-3 dS/m directly for irrigation. For example in Beheira, Kafr-El-Sheikh, Damietta and Dakhlia governorates, drainage water has been successfully used during a 25-year period to irrigate over 10 000 ha of land, using traditional farming practices. Although yield reduction ranges from 25 to 30%, this seems to be acceptable to local farmers (Mashali, 1985; Amer & Ridder, 1988; Rady, 1990) . However, there is a great risk that salinity levels will increase, making the soil infertile. Excessive irrigation with saline water might lead to water logging and salt accumulation at the soil surface. This is especially true in soils where the capillary rise is high, i.e. fine textured soils. Therefore, careful management and continuous control of the salinity status of high-risk areas are needed.
Another potential threat is contamination of groundwater with pesticides. In soils that exhibit preferential flow, the risk for groundwater contamination is large. This is especially the case when it is combined with flood irrigation, which is the most common irrigation practice in this area. In the study of Yasuda et al. (1994) , bypass flow from the soil surface down to the groundwater situated 1.5 m below the soil surface was evident during flood irrigation in northern Tunisia. Later experiments at the same field site showed that preferential flow took place in desiccation cracks and along soil structural elements (Yasuda et al., 2001) . Dye, as a tracer, is useful for revealing spatial flow patterns, and has been used by soil scientists for many years (Ewing & Horton, 1999) . Organic compounds such as pesticides have an adsorptive behaviour and can be mimicked by dyes (Sabatini & Austin, 1991) . Brilliant Blue has an octanol/water partition coefficient (K ow ) of less than 10 -4 (Flury & Flühler, 1995) . Javaux et al. (2006) tried to identify physical and chemical processes affecting Brilliant Blue (BB) transport in unsaturated, macroscopically heterogeneous subsoil. They performed a BB leaching experiment in a 1-m-long undisturbed sandy monolith with a 10-cm-thick discontinuous clay layer 0.2 m below the surface. They concluded that the unsaturated flow conditions led to reduced accessibility of the sorption sites, thus decreasing the sorption rate. Kasteel et al. (2002) compared the mobility of BB in a field soil (gleyic Luvisol) with that of bromide. They found that the transport behaviour differed in both mean displacement and spatial concentration patterns. They found also that BB does not follow the same flow paths as bromide, but they did not repeat their experiments in different types of soil in order to test the difference in dye absorption from soil to soil. Consequently, they concluded that BB is not a suitable compound for tracing the travel time of water itself, but rather mimics the behaviour of an organic pollutant such as a herbicide. Different herbicides display different sorption behaviour depending on their K ow so that BB cannot be said to represent all types of herbicides, but, rather, it is an example of how organic pollutants can spread in a certain soil type compared to water
The objective of this study is to compare drainage patterns between the three main soil types of the El-Salam Canal project (western and eastern parts of Suez Canal) in order to evaluate the risk of salinization and groundwater contamination through preferential flow. Dye infiltration experiments, together with soil salinity mapping, are intended to give a risk mapping for further soil salinization and groundwater contamination in the area.
MATERIALS AND METHODS

Area description
The experiments were carried out in early October 2004 at three sites located in northeastern Egypt (Fig. 1) . The three soil types at these sites are representative within the El-Salam Canal project area. One site is located west of the Suez Canal, 18 km south of Port Said city, the other two sites are located at Sahl El-Tina plain in Sinai, east of the Suez Canal, 50 km south of Port Said Fig. 1 Location of the study sites. city. All three field sites are located within the El-Salam Canal project territory. The field sites have been used for agriculture since 2001. The soil types are clay soil at the western part and loamy sand and sandy soil at the eastern part of the Suez Canal. The particular clay type is smectite. The loamy sand soil contains frequent clay lenses spread over the soil matrix. The site for clay soil was covered by seawater until 1985. Since this soil type poses the highest risk for salinization and groundwater contamination through preferential flow, two 1 m × 1 m plots were investigated, each located at the centre of a 30 m × 10 m strip at two adjacent sites. The first plot (1) was located at the centre of an uncultivated strip and thus represents unmanaged soil conditions. The other plot (2) was located at a centre of a strip which has been irrigated since 2001. The plots at sites 2 and 3 were also located in the centre of cultivated strips (30 m × 10 m). We assumed that each plot represents the type of soil/land-use conditions at its location. The tillage depth was 0.3 m at Site 1 (plot 2) (clay soil) and 1.0 m at Site 2 (loamy sand soil). This deeper tillage (1.0 m) was done in three stages by deep plough pan; it may be the explanation for the difficulty which the farmer faced in cultivating crops with deep root systems. Clay from the subsoil was mixed with topsoil resulting in the formation of clay lenses which reduced the infiltration capacity of the soil and caused a decline in yield. The groundwater table is at 1.0 m depth at the first (clay soil) and second sites (loamy sand soil), and deeper than 2.0 m at the third site (sandy soil).
The organic matter content of sites 1, 2 and 3 is 1.1-1.3%, 0.4-0.5% and less than 0.1%, respectively.
The main crops for Site 1 are rice, maize, clover and cotton which have root depths of 0.75, 0.75, 0.60 and 1.2 m, respectively. For Site 2, the main crops are wheat, sugar beet and water melon (root depths: 0.75, 0.9 and 0.9 m, respectively) and at Site 3 they are wheat, onion and maize (root depths: 0.75, 0.6 and 0.75 m, respectively).
Concerning the climatic conditions at the time of the experiments: the mean temperature was 25°C; there was no rain on any day during the experimental period; and the mean humidity was 65%.
Soil samples were taken using a manual auger at each site at depths: 0-0.1, 0.1-0.3, and 0.3-0.5 m. Soil properties are presented in Table 1 . Experimental set-up Figure 2 shows a schematic diagram of the experimental set-up. A 1 m × 1 m plot was chosen in the centre of each site. An iron frame (1 m × 1 m × 0.25 m) was used to delimit the infiltration area and prevent dye leakage at the sides. At each experimental site, all vegetation was removed from the infiltration area and the surface was gently levelled in order to keep similar initial conditions for all the sites. The iron frame was pushed into the soil to about 0.1 m depth. Local irrigation water was used for the infiltration experiments. The irrigation water had an average electrical conductivity, EC P, of 1.7, 3.5 and 3.2 dS/m for the clay, loamy sand and sandy soil, respectively. The irrigation water was mixed with dye (5 g/L); the dye tracer used was the food-grade dye pigment Vitasyn-Blau AE 90 (Swedish Hoechst Ltd). This dye has the same chemical composition as the dye Brilliant Blue FCF, which has been used frequently in several field experiments (e.g. Flury & Flühler, 1994; Aeby et al., 1997) . The soil surface was irrigated manually, corresponding to 14 L/d of the mixture during three successive days. A standard metal jug was used to distribute the water evenly across the surface. About 15 L/m 2 are typically used in the area as a daily irrigation volume. An area extending 0.5 m in all directions around the plot was also irrigated in order to avoid boundary effects. Between irrigation events, the site was covered with a plastic sheet in order to prevent evaporative losses. The fourth day after irrigating with the mixture of water and dye, a trench was dug and eight vertical soil sections were excavated at 10 cm intervals. The sites were excavated to a depth of 0.5 m. At this depth, no dye traces could be seen in any of the plots. Each section was photographed by digital camera. A WET sensor (Delta-T Devices, UK) was used to measure bulk electrical conductivity, EC b , for depths between 0.05 and 0.45 m and through a 0.1 m × 0.1 m grid. The probe (0.07 m long) was inserted horizontally into the soil.
Iron frame
Image analysis
Vertical soil sections were photographed with a digital camera at 1.5 m horizontal distance from each section. The pictures were taken with 2592 × 1944 pixel resolution and the images were analysed using Adobe Photoshop CS. The investigated 100 × 50 cm sections were selected and rescaled to 2000 × 1000 pixels. Consequently, digital dye images with a resolution of 0.5 mm in both horizontal and vertical direction were created. The dye-stained areas were selected using the Photoshop toolbox and filled with black colour while the remaining soil matrix was changed into white colour. Then the black and white pictures were imported in to Mathworks Matlab v6.5, where they were analysed to determine dye coverage and maximum dye penetration depth.
Theoretical considerations
The WET sensor measures the dielectric properties of soils, and gives the water content, electrical conductivity and temperature. The sensor consists of a probe that is inserted in to the soil and a hand-held logging unit, the HH2 moisture meter. When the WET sensor is inserted into the soil, it generates a 20 MHz signal which is applied to the central rod and produces a small electromagnetic field within the soil. The sensor measures the capacitance (C) and conductance (G) of the material surrounding the probe. These values can be translated to conductivity, EC b (bulk soil electrical conductivity) and dielectric permittivity, ε′ b using calibration tables that are preinstalled in the HH2. The EC b and ε′ b are used in the calculations of θ (water content) and EC p (pore water electrical conductivity) using the following formulae (Hilhorst, 2000) : 
where ε water = 80.3-0.4(T -20), T istemperature, and SP is a soil parameter that can be calculated from the following equation:
where s denotes the soil readings and w denotes water. During the field study, it became apparent that the extremely high EC b of the saline clays affected the permittivity, resulting in unrealistically high values of ε' b . This makes the sensor behave as if it is measuring in water, and no reliable calculation of EC p is made (see also Hamed et al., 2006) . Due to this problem, all evaluations of salinity in this paper are based on the measured EC b values.
RESULTS AND DISCUSSION
Dye pattern analysis Figure 3 shows an example of three black and white images for each site representing three successive vertical sections. The total depth of each image is 0.5 m and the width is 1 m. The dyestained patterns within each site are similar, but between the sites the differences are large. When comparing dye patterns for different soil types it should be noted that the adsorption of the dye differs between soil types; soils with high clay content and low content of organic carbon tend to adsorb more dye than others (Ketelsen & Meyer-Windel, 1999) . Other factors that affect the adsorption are, for instance, pH and calcium content (Flury & Flühler, 1995) . At the first site (clay soil), the dye pattern for the uncultivated (Plot 1) and cultivated (Plot 2) plots are fundamentally different. For Plot 1, the dye infiltration pattern is strongly heterogeneous. Dye is transported in cracks and along ped faces rather than in the soil matrix itself. Several deep continuous cracks transported dye down to 0.5 m. The risk for groundwater contamination through preferential flow is thus large. The average dye infiltration depth was 36 cm and the maximum depth was 47 cm. For Plot 2, the dye pattern is closely related to flow between and around peds formed by tillage of the upper soil layer. Below the tillage depth (30 cm), there is only sporadic dye colouring. The average dye depth was 27 cm with a maximum dye depth of 35 cm. This difference between the uncultivated and cultivated plots is probably due to the fact that tillage destroys the continuous cracks so the dye can not enter them from the soil surface. Another explanation is that the soil may become wetter and that desiccation cracks may close when the soil is regularly irrigated. The water content at Plot 1 was lower than at Plot 2, which confirms this assumption.
At the second site (loamy sand soil), the dye pattern shows that the infiltration depth of the dye is small. The average dye depth was 9 cm with a maximum of only 12 cm. The dye pattern is homogeneous and no preferential flow could be observed. This reveals a shallow penetration depth of the dye in spite of large tillage depth (1.0 m depth). When examining the soil it was found that frequently occurring clay lenses blocked deeper infiltration. Figure 4 shows an example of clay lenses spread all over a vertical section through the soil. These lenses have a higher salinity level than the soil matrix (points of high salinity matches the clay lenses positions). These high saline clay lenses are considered as a problem for agriculture in this area.
Clay lenses
Fig. 4 Example of the clay lenses at Site 2 (loamy sand soil).
At the third site (sandy soil), dye patterns revealed that the dye moves deeper and with larger heterogeneity. The reason for heterogeneity could be the water repellency of the initially dry soil, or small-scale variations in the hydraulic conductivity. The average dye depth was 19 cm with a maximum of 23 cm. Figure 5 shows the minimum, maximum and mean values of horizontal dye coverage with respect to depth for the three sites. The horizontal dye coverage is useful to determine since it gives an indication of how the dye is distributed in the soil profile. Generally, it was obvious that it decreases sharply downwards for all sites. In the clay, mean dye coverage decreases from around 65% at the surface to 10% at 20 cm depth. In the loamy sand soil, the dye coverage decreases rapidly from 80% at the surface to only 10% at about 5 cm depth. In the sandy soil the dye coverage decreases from 100% at the surface to 10% at 17 cm depth. It should be noted that the observed maximum penetration depths are only valid for the dye applied. Other organic compounds with different K ow would display different retardation. However, general patterns and differences between the sites should still be valid. Figure 6 shows one representative bulk soil salinity map from each site. In Table 2 , the average salinity and the coefficient of variation (CV, standard deviation divided by the mean) for each depth is shown. Both the average CV of the each individual transect (n = 11) and the overall CV (n = 88) are given. At Site 1 Plot 1 the salinity was very high, around 20-25 dS m -1 . These high levels of salinity are probably due to remains of sea water. Moreover, the saline groundwater table (30 dS/m) is only at about 1.0 m depth and water is likely to move upward by capillary rise. The salinity distribution is rather uniform but less so at 0.05 m depth. This is due to that the soil here is dryer leading to lower bulk electrical conductivity. The salinity map of Site 1 Plot 2 still displays rather high salinity levels of 1.6-20.5 dS/m. For Site 1 Plot 1 the CV is rather high for the 0.05 m depth but rather low deeper down. For Site 1 Plot 2 the CVs are lower at the 0.05 m depth but slightly higher deeper down. From the map it is also clear that the salinity distribution is increasing downward. This is probably due to effects of irrigation with relatively low saline water (1.2-2.0 dS/m) for several years. Apparently, this is sufficient to suppress the upward salt flux due to capillarity. The current irrigation management seems thus to be adequate, but the site should be carefully monitored also in the future. At this site high-salinity tolerant crops such as wheat, sugarbeet and cotton are cultivated with small yield losses.
Soil salinity distribution maps
For the loamy sand soil, salinity ranges from 0.5 to 2.6 dS/m. The salinity distribution is generally heterogeneous throughout the soil matrix. There is also a general salinity increase with depth. The CVs are high, the highest found in this study. The largest variability was found at the 0.15 m depth. In general, areas with high salinity coincide with occurrence of clay lenses. From visual inspection these were most abundant at the 0.1-0.2 m depth. At the site, medium-high salinity-tolerant crops such as corn, spinach and squash are cultivated with minor losses. For the sandy soil, salinity ranges from 0.06 to 0.2 dS/m. These low salinity levels are due to the nature of sand which has a very high permeability and allows rapid leaching of salt. The map also shows that the salinity distribution is not uniform and decreases with depth. This is probably due to the higher water content of the topsoil. Consequently, sensitive or low salinity-tolerant crops, i.e., sesame, beans and onion, are cultivated with satisfactory yields at this site. An F test was conducted to investigate whether the individual transects were representative of the entire plot at each site. Each of the transect standard deviations was compared to the overall standard deviation for that site. The hypothesis that the individual transect variability did not capture the overall variability of each plot was tested at the 0.05 level. The number of transects where this hypothesis could not be rejected is shown in Table 3 . Most transects did capture the plot overall standard deviation, but at some depths several transects displayed a variability lower than the overall variability. Site 2 had the most significantly different transects, again probably an effect of the heterogeneous distribution of clay patches with higher electrical conductivity. At Site 1 Plot 1 the larger depths had more different transects; whereas for Site 1 Plot 2 the same was true for the topsoil. Again Site 3 showed low variability. None of the average transect standard deviations was significantly different from the overall standard deviation. In general terms, a high number of significantly different transects is an indication of a large-scale heterogeneity, whereas a low number indicated homogeneity. 
SUMMARY AND CONCLUSION
Three sites in the El-Salam Canal project area in northeastern Egypt were chosen to conduct dye infiltration experiments and salinity mapping. The sites represent the main soil types of the project area. The soil type at the first site is clay, while it is loamy sand with clay lenses at the second and sandy soil at the third site. The objective of the paper was to compare the three main types of cultivated soil regarding salinity distribution and solute transport in order to evaluate the risk for soil salinization and groundwater pollution through preferential flow. A 1 m × 1 m plot was prepared at each site. Irrigation water (14 L/m 2 ) mixed with 5 g/L dye was added to the plot each day during three successive days. The fourth day a trench was dug and eight vertical 10-cm-thick soil sections were excavated. Each section was photographed and measurements of bulk soil salinity by WET sensor were taken. The measurements were taken through a grid of 0.1 × 0.1 m from 0.05 to 0.45 m depth.
Dye patterns revealed that the flow patterns were similar within each plot, but largely different between the plots. At Site 1, there were large differences between the uncultivated and cultivated plots. In the uncultivated plot the dye was transported in cracks and along ped faces. Some of the crack transported dye down to 0.5 m, the largest depth for all sites. In the cultivated plot, dye moved mainly in the upper soil layer above the tillage depth (0.3 m). Below the tillage depth, hardly any dye was found. Dye moved only a few centimetres from the surface in the case of loamy sand with clayey patches, while it moved relatively deep in the sandy soil. This is probably due to the existence of clay patches leading to lower hydraulic conductivity through the loamy sand soil.
Bulk soil salinity contour maps showed that soil salinity for the western site is much higher (about 8-10 times) than that for the eastern site. This high level of salinity is partly due to the fact that this soil was covered by sea water in the past. Moreover, saline groundwater (30 dS m -1 ) is only at 1.0 m depth from the surface, which can lead to upward salt movement by capillary rise. For Plot 1 the salinity was high throughout the entire soil profile, reaching up to about 30 dS m -1 . For Plot 2, however, the salinity was lowest near the soil surface, around 5-10 dS m -1 and increased downwards to above 20 dS m -1 . This is probably due to continuous effective irrigation with relatively low saline water during four years. The downward flux seems to prevent salts moving upwards from the saline groundwater due to capillarity.
For the soils east of the Suez Canal, the salinity levels were much lower. This was also expected since the soils here are coarse textured. In the loamy sand soil (Site 2) the salinity levels are higher than the sandy soil but much lower than in the clay soil. Patches of relatively high salinity occur over the soil matrix leading to high salinity heterogeneity. Visual inspection revealed that the high salinity areas coincided with the existence of the clay patches. Since these patches have lower hydraulic conductivity than the surrounding soil, salt leaching through the continuous irrigation process is suppressed.
The sandy soil (Site 3) had the lowest salinities ranging from 0.05 to 0.3 dS m -1 . There was a slightly higher salinity near the soil surface. This was because the soil here was wetter than the subsoil due to the infiltrating water. The variability of the salinity was the lowest of all three sites.
The soil at Site 1 is a high-risk soil from a salinity point of view. After four years of irrigation the soil showed significantly lower salinity compared to the uncultivated soil. The soil management seems sustainable, but, in order to investigate long-term effects, more studies are needed in the future. We recommend that the current management of the soil should be continued. Another positive effect was that preferential flow, which potentially threatens groundwater resources, has been reduced. This is mainly due to tillage, which disrupts the structure of the soil so that deep cracks are no longer connected to the soil surface. The coarse textured soils to the east of the Suez Canal had significantly lower salinities. No salt build-up at the soil surface could be detected. These soils did not display deep preferential flow.
The current salinity rate of irrigation water is between 1.1 and 2.4 dS/m, depending mainly on the ratio of mixture between freshwater from the Nile River and the drainage water. If there is not enough Nile water in a particular season, the freshwater from the Nile is mixed with a greater proportion of drainage water. Consequently, the salinity of the water is higher. It seems that irrigation with low saline water is effective in the long term in decreasing soil salinity, even with relatively shallow saline groundwater (1 m depth with salinity 30 dS/m). However, the characteristics of the groundwater (location and level of salinity) are also important for assessing the salinization risks. Improvement in yield production can be noticed year by year in the different parts of the project area. It seems that the effect of recycled water is minimum for the time being, since its salinity is much lower than that of both the soil and the groundwater for the western cultivated part of the project area. Even for the eastern cultivated part, characterized by low salinity levels, the effect of this water is not significant. In the sandy soil, its high porosity helps to leach the salt down to the deep water table. In the loamy sand soil, the main problems are the existence of saline clay lenses which affect the leaching of salts, and the agriculture process. In this kind of soil, deep ploughing should be avoided since it is the main cause of the existence of clay patches from the clay layer located below the loamy sand layer.
The present study has shown that, with careful management, even problematic soils can be managed in a sustainable manner in northern Egypt. This is significant since the El-Salam canal project is important for a rapidly increasing population. We can be optimistic about the future of the productivity and land reclamation in the service area of this project. However, careful and continuous monitoring of the salinity status is needed also in the future.
